Original results are presented for an optical wireless system employing dicode pulse position modulation (DiPPM) and a PIN-BJT receiver. When operating at 0.85 m λ µ = and a bit rate of 10 Mb/s a sensitivity of -51 dBm (P e =10 -9 ) is achieved and this represents a 10.3 dB over an equivalent PCM system. The work demonstrates that DiPPM achieves comparable sensitivities as that for the digital PPM format but at a significantly reduced line rates making it a credible candidate for mobile devices using optical wireless technology.
INTRODUCTION
The application of the digital pulse position modulation (PPM) format for use in optical wireless communications has been widely studied [1] [2] [3] [4] [5] [6] [7] [8] [9] . The primary advantages of the modulation scheme being the decreased average power required which is ideal for portable IR transmitters along with the greater immunity that it has in comparison to on-off keying (PCM) for near-DC noise from fluorescent lamps. Recently, Sibley [10, 11] has proposed a related PPM format known as Dicode PPM (DiPPM) and shown that it offers advantages over digital PPM. His studies were limited to optical fibre transmission and so, this paper analyses for the first time, the Dicode PPM format for use in optical wireless systems. The performance of a DiPPM system employing a PIN-BJT receiver is analysed to determine the system sensitivity.
The receiver configuration employed is the common collector common emitter PIN-BJT design as it offers wide bandwidth and low noise. The sensitivity calculations show that there is an improvement of 0.3 dB between the DiPPM PIN-BJT system and a PPM PIN-BJT system proposed earlier by one of the authors [7] . 
DICODE PPM MODEL AND ERROR SOURCES
The dicode PPM technique is illustrated in Figure 1 and Figure 2 . Dicode signalling encompasses data transitions from logic 0 to logic 1 and logic 1 to logic 0, represented by positive (+V) and negative (-V) voltages. The positive pulses are known as SET (S), negative pulses as RESET (R) and no pulses (no transition) as NO PULSE (N). Figure 2 shows that when no data transitions are present, there is no pulse, but when transitions occur from 0 to 1 and 1 to 0, there is a SET and RESET pulse respectively. Also, it shows that the information in a single slot in PCM can be coded into a single slot in DiPPM (S or R), which reduces the power requirement of the system. Two guard slots are at the end of each frame to address pulse dispersion and deter interframe interference (IFI). The sequence in DiPPM is R, xN, S and the probability of a pulse in slot S or slot R is ¼ whilst no pulse (N) is ½. The run length (line coding) is the maximum number of consecutive like symbols (n) allowed in the PCM data stream before the insertion of a pulse to ensure maintenance of timing content. If the maximum DiPPM run is R, nN, S, the probability of S will be 1 due to the fact that an S symbol will be present at the end of that run. There are 3 types of errors in DiPPM, which are erasure, wrong slot and false alarm errors.
Erasure Errors
Erasure error of a pulse occurs when the noise level is greater than the pulse signal and this condition 'pulls' the peak signal voltage below the threshold level, thus preventing correct detection. The probability, , is given by
where and are the peak receiver output voltage occurring at time instant, and voltage at receiver output when crossing threshold crossing time, , respectively. For a DiPPM system, the erasure of a SET or RESET pulse creates the same amount of PCM errors, thus giving the probability
where n is the maximum number of consecutive N symbols and 1 x + is the amount of PCM errors.
Wrong Slot Errors
Wrong slot errors are caused when the rising edge of a detected pulse causes the initial pulse to appear in the adjacent time slots, i.e., this particular pulse will produce a threshold-crossing event in either the preceding or following time slot. The probability of this error is
where ( )
In DiPPM, wrong slot error can cause four possible cases. For Case 1 and 2, when the pulse is in slot S, this will cause the edge to appear in the preceding or following guard slot respectively. For Case 3 and 4, when the pulse is in slot R, the edge might appear in the preceding S slot or the following guard slot respectively. However, Case 1 will not cause any detection error because the decoder will not recognise it as a false threshold crossing due to the fact that it appears in the preceding guard slot. Since the remaining cases generates the same number of errors, the total PCM error probability can be accumulated as ( ) ( )
False Alarm Errors
The false alarm error can be best described as an unauthorised threshold-crossing event. This is due to the fact that the noise causes a threshold-crossing event in an unoccupied data slot.
Thus, the probability is 0.5 2
where 2 2 2 0 ( )
The number of uncorrelated samples per time slot can be estimated in terms of the time R τ at which the autocorrelation function of the receiver filter has become small, as ( / )
n R mT nτ . The probability per time slot of a false alarm error is approximated by,
. When the pulse is in slot S, false alarm can occur in the following R slot.
However, this condition is brought to a halt as the decoder stops when a pulse is received.
Therefore, there are no PCM errors generated. An error is generated when a false alarm occurs in a string of N (no pulse) signals. The severity of the error depends on the location of where the false alarm occurs in that particular string. Since the false alarm error occurs on the
th N symbol in a run of xN symbols, the PCM error is ( )
and the factor of two denotes the effects of false alarm in slot S is similar to the one in slot R.
PIN-BJT RECEIVER AND SYSTEM PERFORMANCE
The system configuration for DiPPM consists of a preamplifier (PIN-BJT) followed by a matched filter, threshold detector and DiPPM decoder, similar to the digital PPM system configuration. In digital PPM, a noise-whitened matched filter and a PDD network are typically used as an optimum receive filter, but, if pulse dispersion is low, the PDD is redundant, which is the assumption used in this paper. The receiver employed is a transimpedance PIN-BJT preamplifier based on a self-biasing common collector common emitter design [7] that offers wide bandwidth and low noise. 
and, assuming the received pulse shape is normalised, it can then be defined as 
where b is the number of photons per pulse, η is the quantum efficiency and q is the electron charge. The noise from the output of the filter can be expressed as 
where is the double sided input noise current spectral density [10] .
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RESULTS AND DISCUSSIONS
The system is designed to operate at an error rate of 10 Figure 3 shows the characteristic performance of a digital PPM system in that sensitivity improves with coding level as the single PPM pulse is being used to convey M bits of information. This improvement continues until the PPM slots become too narrow and wrong slot errors begin to occur. Increasing the coding level beyond this point narrows the slots even further, which leads to an increased occurrence of wrong slot errors and system degradation. Figure 3 shows that the sensitivity of the digital PPM system also improves with CRB reflecting the fact that high CRB's leads to narrower pulses and so less pulse energy. Figure 4 shows the results for the PIN-BJT DiPPM system and demonstrates that the sensitivity improves as the run length value increases. This is to be expected since increasing the run-length increase the allowable length of the run of Dicode zeroes prior to the insertion of a pulse to maintain synchronisation. The PIN-BJT DiPPM system also improves with increased CRB, which again reflects the fact that narrower pulses are being used to convey the information. Figure 5 compares the optimum performance of both systems. For DiPPM, this occurs at a CRB value of 10 and a run-length of 10 and gives a sensitivity of -51 dBm. For digital PPM, the optimum sensitivity of -50.7 dBm occurs at a CRB value of 10 and a PPM coding level of M=7. This demonstrates that the Dicode PPM system offers comparable performance to that of digital PPM. However, this is achieved at a significantly reduced line rate in comparison to PCM. In the case of Dicode PPM, the line rate is four times that of the equivalent PCM system, however, for digital PPM it is twenty three times ( 23 2 ≈ mM M ) the PCM line rate.
In [7] , the sensitivity of an equivalent PIN-BJT PCM system operating at 10 Mb/s was evaluated and shown to be -40.7 dBm. Therefore, DiPPM offers a sensitivity improvement of 10.3 dB compared to the equivalent PCM system but at a much reduced line rate in comparison to the equivalent digital PPM system. 
